An attempt is made to establish a probable link between mean September upper-air temperatures at
Introduction
The winter monsoon is also known as the northeast (NE) monsoon over South India during October through December, and rainfall is highly variable both spatially and temporally. In this paper, the authors assess spatial variations in the predictability of winter monsoon rainfall over southern India following the studies conducted for the prediction of Indian summer monsoon rainfall (Murakami 1977; Banerjee et al. 1978; Joseph 1978; Parthasarathy & Panth 1985; Mooley et al. 1986; Hastenrath 1987; Mooley & Shukla 1987; Bhanu Kumar 1988; Gowariker et al. 1989 Gowariker et al. , 1991 Parthasarathy et al. 1990; Bhalme et al. 1990; Thapliyal & Kulshrestha 1992; Bhaskara Rao et al. 2001; Thapliyal & Rajeevan 2003) . Rainfall in the winter monsoon season over south peninsular India is considerably large in general and particularly crucial in Tamilnadu. For example, mean seasonal rainfall for the 129 years used in this study reveals that the subdivisions of Kerala, Tamilnadu and Coastal Andhra Pradesh received 48 cm, 45 cm and 37 cm respectively. The rainfall during this season is due to synoptic/sub-synoptic systems like tropical cyclones, depressions, easterly waves, northsouth trough activity and coastal convergence (India Meteorological Department 1973 , 1979 , 1996 Srinivasan & Ramamurthy 1973b) .
Eight meteorological subdivisions of South India are influenced by these weather systems from the Bay of Bengal, and necessary water is stored in this season for hydroelectric power production, irrigation of crops through dams, and in tanks for drinking purposes. Hence these rainfall amounts are very significant in this season over South India. Any prediction of winter monsoon rainfall is of paramount importance for the economy of the study region. De et al. (1992) pointed out that spells of above normal rainfall occurred in only two or three weeks of the winter monsoon season over South India even during years of normal or above normal rainfall. Adequate steps have to be taken for storing such occasional high amounts of rainfall. There have been several studies on the winter monsoon circulation and statistical properties (Rao 1953; Rao 1963; Thiruvengadathan 1965; Srinivasan & Ramamurthy 1973a , 1973b Dhar et al. 1982a Dhar et al. , 1982b De et al. 1992; Sontakke 1993; Singh & Sontakke 1999; Nageswara Rao 1999; Bhanu Kumar et al. 2003a , 2003b Naga Ratna et al. 2003) .
The synoptic circulation changes observed with the onset of the Indian winter monsoon are: (i) the retreat of summer monsoon rains from India during SeptemberOctober; (ii) the reversal of lower-level winds from southwesterlies to northeasterlies; and (iii) an increase in rainfall over parts of south peninsular India (Rao 1963; India Meteorological Department 1973) . The Winter Monsoon Experiment 1979 revealed several important features: summer monsoon semi-permanent systems over India and neighbouring regions -the Mascerene high, Somali jet, Tibetan anticyclone, easterly jet stream over south India and monsoon trough along the Ganges valley, etc. -are replaced by the Siberian anticyclone, cold surges from the Siberian high, Western Pacific high, subtropical jet stream over north India and monsoon trough over Indonesia during the winter monsoon season. Jayanthi & Govindachari (1999) noticed an all-time record of NE monsoon rainfall over Tamilnadu in 1997 and this also happened to be in the year of an intense El Niño event. During this season, the general wind flow in the lower levels was predominantly easterly with strong westerlies aloft, and this situation generated a strong vertical wind shear over the study region for excess rainfall. Secondly, significant easterly waves are also associated with excessive rainfall in Tamilnadu. They also evaluated a statistical relationship between El Niño and rainfall over Tamilnadu, and commented on the fact that in more than 80% of El Niño years Tamilnadu received above normal rainfall. According to De & Mukhopadhyay (1999) , the frequency of cyclonic systems formed is lower during the ENSO years compared to that during Anti ENSO years. However, during ENSO years these cyclonic systems follow a more westerly path and cross Tamilnadu and the south Andhra coast, thus giving enhanced precipitation. During Anti ENSO years, these cyclonic systems move in a more northerly direction and often recurve and hit either West Bengal or the Bangladesh coast. During ENSO years, the mean ridge line at 200 hPa level in the NE monsoon is around 13
• N, while it is situated at 16
• N during Anti ENSO years.
There have been few attempts to predict winter monsoon rainfall. Doraiswamy Iyer (1941) studied the forecasting of NE monsoon rainfall over south Chennai. Later, Rao & Jagannathan (1953) observed large rainfall amounts over Tamilnadu due to depressions or cyclonic storms in the Bay of Bengal that were moving westwards and striking the Coromandel coast. Deficient winter monsoon rainfall occurs when these systems move in a northerly direction without striking the Coromandel coast. Further, Sen Gupta (1960) pointed out that the northward location of the subtropical circulation, which appears in the sunspot minimum, favours disturbances hitting the Madras coast, thus causing large amounts of rainfall. Rao (1963) noted the following favourable atmospheric circulations for excess winter monsoon rainfall: (i) the absence of a blocking high in the European portion of the former USSR; (ii) the location of the westward portion of the subtropical high at a level of 500 hPa near the eastern coast of the country; (iii) a weak northerly wind component at lower levels over Tamilnadu; and (iv) a strong southerly component at higher levels. Further, Subbaramayya (1976) found that the NE monsoon rainfall over the Coromandel coast is associated with the equatorial trough, and the disturbances in the equatorial trough and the adjoining easterlies. Raj (1989) screened several upper-air and surface parameters of representative stations in India, and derived linear regression equations to predict winter monsoon rainfall in four subdivisions of South India. Later, Raj et al. (1993) Thus the final forecast is the weighted mean of individual forecasts of several parameters, the weights being the squares of the respective correlation coefficients. The above system of equations explained between 65 and 75% of the variation in rainfall with a standard error of 13-15%. The predictors used in the above study differ from those used in the present study. Our approach here is simpler and covers eight meteorological subdivisions by using local upper-air temperatures in September only. Increasing the number of predictors will definitely improve the forecast, as shown by Raj et al. (1993; 1998 The utility of forecasts for large areas is less though the forecast skill is high in a statistical sense. Long-range forecasts shall be attempted for a homogeneous region in the sense that the temporal variations in the region are similar. On the other hand, if the forecasts are made for a large area in which the rainfall variations are similar, the total variability of the rainfall in the whole region would be less and the forecast skill could be high. However, the accuracy of the forecast in different parts of region would be less.
The main aim of this paper is to investigate the extent to which local upper-air temperatures and vertical temperature differences at different stations over India in September could be used to predict winter monsoon rainfall over eight meteorological subdivisions of south peninsular India separately ( Figure 1 ) using linear correlation and regression techniques. This is based on the premise that the vagaries of the ensuing winter monsoon should be linked to temperature parameters over India in September. Important circulation as well as thermal changes, which begin in the second week of September, lead to winter type conditions over India. September temperature parameters over Indian stations act as precursors for winter monsoon activity over south peninsular India.
Data and methods
This study will utilise two main data sets: mean September upper-level temperatures for a number of Indian stations, and winter monsoon rainfall over south peninsular India. Mean upper-air temperature data from 850, 700, 500, 300, 200, 150 and 100 hPa for September of eight Indian stations for the 36-year period 1959-94 were used: Thiruvananthapuram-TRV (8.29
• N, 76.57
• N, 72.51
• N, 83.18
• N, 77.12
• E) and • N, 73.01
• E). Many of above stations ( Figure 2 ) are situated under the influence of the subtropical ridge in the middle and upper levels over south India, which reaches its peak intensity during the winter monsoon. These data were extracted from the monthly climatic means published by the NOAA/World Meteorological Organization. The reason for taking the September mean upper-air temperature as an indicator is that the influence of the upper-air temperature at the end of the Indian summer monsoon season may exercise some influence on the Indian winter monsoon also. This is similar to the influence of April/May upper-air temperature on Indian summer minsoon rainfall (Bhaskara Rao et al. 2001) . Furthermore, September mean upper-air temperatures mark the transition from the summer monsoon to the winter monsoon over India. Parthasarathy et al. (1995) prepared monthly rainfall data for 29 subdivisions by considering 306 welldistributed stations (one from each of the districts in the plain regions) by giving appropriate weightings for each station in the calculation of subdivisional rainfall. In order to maintain the continuity of the series, they considered 90% of the country's total area, but excluded hilly regions (four subdivisions) owing to the sparse rain gauge network, and islands in the Arabian Sea and Bay of Bengal (two subdivisions). For the present purpose, the rainfall data for the October-December season for the years 1959-94 were taken from the published report of Parthasarathy et al. (1995) for the following eight meteorological subdivisions shown in The antecedent upper-air mean monthly temperatures at Indian stations in September may provide some important signals to predict winter monsoon rainfall over the above-mentioned meteorological subdivisions. For the eight stations, the mean upper-air temperatures at the levels 850, 700, 500, 300, 200, 150 and 100 hPa and mean upper-air temperature differences between 850 and 700 hPa; 700 and 500 hPa, 500 and 300 hPa, 300 and 200 hPa, 200 and 150 hPa, 150 and 100 hPa, 850 and 500 hPa and 500 and 200 hPa were calculated. The linear correlations (Pearson product moment correlation coefficients) between these parameters and the winter monsoon rainfall of each of the eight subdivisions for the 30-year period 1959 to 1988 were evaluated separately. The intercorrelations between the parameters were calculated to determine the interdependency of the parameters, but these results are not presented. The significance of the correlations and the intercorrelations were tested by using the Student's t-test. Correlations with values of 0.57, 0.46, 0.36 and 0.31 are significant at the 0.1%, 1%, 5% and 10% levels respectively. The significant parameters are highlighted for different subdivisions (Table 1) . Upper-air temperatures at Visakhapatnam strongly influence the winter monsoon rainfall of six subdivisions. This may be due to its geographical location and the fact that it is under the influence of the subtropical ridge. First, the winter monsoon influences this station more than most of the other south Indian stations. The parameters, which are showing statistically insignificant intercorrelations between themselves and statistically significant correlations with winter monsoon rainfall, are considered in formulating regression equations. Multiple regression equations were evaluated for many sets of parameters; each set consists of two or three parameters. In this study of the forecasting of rainfall over each meteorological subdivision, the algorithms developed by the authors contain two or three parameters. The model's multiple correlation coefficients (MCC) were calculated and their significance was determined; a coefficient of determination (COD) was also calculated for all the equations. The equation with the most significant MCC was taken as the forecasting equation. This type of analysis was extended to the eight subdivisions in the winter monsoon region of India. The forecasting equations were then tested using independent data for the six years 1989 to 1994.
To establish the stationarity of the relationships between the winter monsoon rainfall and the September temperature parameters, the period 1965 to 1994 is also considered for formulating the linear multiple regression equation for winter monsoon rainfall of each meteorological subdivision with the corresponding temperature parameters. These equations are then tested over the years 1959 to 1964.
Atmospheric stability/instability in the troposphere is considered in terms of temperature differences at different levels for different stations and this process enhances the number of significant parameters for forecasting of winter monsoon rainfall. Further, the rate of temperature change with height is as equally valid a predictor of rainfall as temperature at specified levels.
So far, there have been no attempts to assess the predictability of winter monsoon rainfall over eight subdivisions, and hence the authors attempted this in view of the importance of mean upper-air temperature of September over India on winter monsoon rainfall south of 20
• N in India.
Results and discussion
3.1. Coastal Andhra Pradesh (27) Figure 1 shows the location of the Coastal Andhra Pradesh (CAP) meteorological subdivision. The rainfall of Coastal Andhra Pradesh during 1959 to 1988 is significantly related to 17 mean upper-air September temperature parameters (Table 1) . Many regression equations were evaluated with different sets of parameters which were not significantly intercorrelated. It was found that the mean temperature at 700 hPa at Visakhapatnam (T vsk (700) ), the 300-200 hPa temperature difference at Nagpur (T ngp(300-200) ) and the mean 850-500 hPa temperature difference at Chennai (T mds(850-500) ) have significant correlations of -0.46, 0.42 and 0.38 respectively with Andhra Pradesh rainfall. The first temperature parameter has an inverse relationship with the monsoon rainfall, while the second and third parameters show a positive relationship. The decrease in the mean September 700 hPa temperature at Visakhapatnam favours above-normal winter monsoon 
Figure 3. Time series of normalised values of (a) winter monsoon rainfall of Coastal Andhra Pradesh and the parameter, T vsk(700) ; and (b) winter monsoon rainfall of Tamilnadu and the parameter, T ngp(500-300) .
rainfall in the above region. Figure 3a clearly indicates this inverse relationship; through the entire 30-year period , the relationship holds well in 22 of those years. Secondly, higher values of the latter two parameters tend to result in above average rainfall. The MCC for the regression model containing these three parameters is 0.63, which is significant at the 0.1% level. The coefficient of determination is 100*(MCC) 2 . Here COD is 40% and the standard error of the observed totals (SE) is 2.64 cm. The significant MCC suggests the following algorithm for the prediction of winter monsoon rainfall over Coastal Andhra Pradesh (R CAP in cm): 
The above equation was tested over the period 1989 to 1994 and the actual rainfall (AR), predicted rainfall (PR) and errors (E) are presented in 
Telangana (28)
There are 10 significant thermal parameters (Table 1) for this division's winter monsoon rainfall (TL). Out of these, the parameters T vsk ( 
The PR and AR amounts over Telangana are tabulated ( The signs of the regression coefficients in the above equation were the same as equation (2a).
Rayalaseema (29)
In Rayalaseema subdivision (RS) (Figure 1) , there are 11 significant parameters (Table 1 ). All but two of the parameters are intercorrelated. These two, T vsk(850) and T ndh(850) , are inversely related to rainfall with correlation coefficients of -0.53 and -0.36 respectively. Using these two parameters resulted in a significant MCC of 0.59, which is significant at the 0.1% level, which was also the case for Coastal Andhra Pradesh and Telangana. The COD is 35%. The equation for winter monsoon rainfall over Rayalaseema is:
The PR values of rainfall along with the AR values are presented in Table 2 .
The SE is 1.5 cm. The model performs best in 1989 and 1992. In the other years, the differences between the PR and AR values are greater than 10 cm. The above algorithm could be improved by including other parameters such as wind components and SOI.
The equation using data for 1965 to 1994 is: (Table 2 ). In other years the errors are large. Cooling in the lower troposphere (850 hPa) at Visakhapatnam and New Delhi favours a good monsoon for Rayalaseema.
Tamilnadu (30)
Tamilnadu subdivision (TN) (Figure 1 ) receives about 60% of its annual rainfall during the winter monsoon season. Hence the assessment here of the relationship between rainfall and mean September temperature is of paramount importance. There are eleven significant parameters for rainfall (Table 1) . Among these parameters, T ngp(500-300) , T jdp(500) and T jdp have correlations with the Tamilnadu rainfall of 0.43, -0.37 and 0.35 respectively. This means that there is a positive relationship between rainfall and the first and last parameters, while the second shows a negative relationship with rainfall. The principal parameter (Tngp (500-300) ) indicates a positive relationship with rainfall ( Figure 3b) ; through the entire 30-year period , the relationship holds well in 20 of those years (i.e. a positive Tngp (500-300) anomaly leads to a positive rainfall anomaly, or a negative Tngp (500-300) anomaly leads to a negative rainfall anomaly). An algorithm containing these three variables has a MCC of 0.60, which is significant at the 0.1% level. The COD and the SE are 36% and 2.3 cm respectively. The equation is as follows: 
This equation is tested over six years and the PR and AR values are shown in Table 2 . In every year, the error is larger than the SE of the observed totals, the largest errors occurring in 1989 and 1993. The model, however, was not able to predict the exceptionally wet winter monsoon of 1993. Other unknown factors might be important in explaining this extreme event. More investigation is needed in this regard. In comparing our results to those obtained by Raj (1998) , it is apparent that he used six local parameters drawn from the months of April to September; whereas in this present study we used three parameters from September only. There are no comparable studies for the prediction of rainfall over other meteorological subdivisions, but Jayanthi & Govindachari (1999) explained the importance of SST anomalies over Niño 3-4 region by linking SST anomaly data for the period 1978 to 1997 and Tamilnadu winter monsoon rainfall. They obtained a significant positive correlation. Tenyear running correlations showed that the relationship is stable.
It is pertinent to note that an increase in the temperature difference between 500 and 300 hPa at Nagpur (warming at 500 hPa and cooling at 300 hPa); cooling at 500 hPa over Jodhpur; and an increase in the temperature difference between 200 and 150 hPa at Jodhpur (warming at 200 hPa and cooling at 150 hPa) lead to an active monsoon over Tamilnadu.
North Interior Karnataka (NIK) (32)
Although there are eight significant temperature parameters with the winter monsoon rainfall (Table 1) , only three of these parameters -T mds(850-700) , T mds (850) and T ndh (850) 
The MCC of the above equation is 0.60, which is significant at the 0.1% level and the COD is 36%. The PR and AR values are presented in Table 2 
The MCC and the COD are 0.57 (slightly less than that of equation 5(a)) and 32% respectively. The SE is 1.3 cm.
The PR values are nearer to the AR values only in 1960, 1963 and 1964 (Table 2) .
From the above, one can see that a decrease in the temperature difference between 850 and 700 hPa at Chennai (cooling at 850 hPa and warming at 700 hPa) and cooling in the lower troposphere at New Delhi enhances the winter monsoon rainfall over North Interior Karnataka.
South Interior Karnataka (SIK) (33)
There are only two parameters (T bmb(700-500) , T bmb(850-500) ) that are significantly related to the division's winter monsoon rainfall (Table 1) . Their correlations with rainfall are -0.34 and -0.30 respectively. However, these two parameters are intercorrelated (correlation coefficient = 0.44), so using both parameters will not result in a regression model with a significantly higher MCC value. It was decided to combine T bmb(700-500) with the parameter that not only showed the highest non-significant correlation with monsoon rainfall, but was also insignificantly related to T bmb(700-500) . Further, the parameter (T bmb(700-500) ) is insignificantly correlated with T trv(150-100) which has a correlation of 0.29 with rainfall. A regression equation is attempted with these two parameters.
The equation using the data for the period 1959-88 is:
R SIK = 64.61 − 3.76 T bmb(700−500) + 0.76 T trv(150−100) .
The MCC and the COD are 0.41 (significant at 5% level) and 17% respectively. The SE is 1.37 cm. The equation made good rainfall predictions in 1990 and 1994 (Table 2) 
The SE is 1.37 cm and the errors in the PR values (except in 1963) are more than 4 cm ( Table 2) .
Coastal Karnataka (CK) (31)
In subdivision 31 (Figure 1 ), there are twelve significant parameters (Table 1) . Three parameters -T vsk(850) , T trv(700) and T bmb(700-500) -are used in the winter monsoon rainfall prediction model. The correlation coefficients are -0.40, 0.39 and -0.38 respectively. The two parameters T vsk(850) and T bmb(700-500) are inversely correlated, while the second one showed a positive relationship with rainfall. The equation's MCC is 0.68, which is highly significant (0.1% level), and the COD is 46%. 
Kerala(KL) (34)
There are five significant parameters for Kerala (Table 1) , out of which T bmb(850) , T Tvsk(850) and T jdp(500) are related to the winter monsoon rainfall with correlation coefficient values of 0.35, -0.33 and -0.32 respectively. The equation with these parameters has a MCC of 0.64, which is significant at the 0.1% level. The COD is 41% and the corresponding algorithm is as follows: 
Here SE is 3.02 cm. The AR and PR values with the above equation are shown in Table 2 . The PR value for 1989 is good, but for the remaining years the differences are more than 10 cm. This equation should be modified further.
The algorithm with the above three parameters for the period 1965 to 1994 is: 
The MCC is 0.55 and the COD is 30%. In the preiod 1965-94, this set of parameters provides a less powerful measure of monsoon rainfall when compared to the period 1959-88. The SE is 3.1 cm. The PR value in 1960 is good (Table 2 ). The errors in the years 1959, 1962 and 1963 are more than 10 cm.
Summary and conclusions
Mean upper-air temperatures in September at different stations over the Indian subcontinent show significant correlations with winter monsoon rainfall over the subdivisions south of 20 • N. These correlations suggest that seasonal forecasts of winter monsoon rainfall may be feasible. Two sets of forecasting equations were developed containing two or three parameters, one for the period 1959-88 and another for the period 1965-94. The first set of algorithms was tested for the succeeding six years ; similarly, the second set was tested for the preceding years 1959-64 and the results were discussed. Most of the algorithms throw light on the importance of the predictors in the lower troposphere (850 hPa). On most occasions, the parameters showed stationarity and yielded more or less the same MCCs for both periods.
The mean upper-air temperatures in April/May over India are crucial factors in the ensuing Indian summer monsoon rainfall (Bhaskara Rao et al. 2001) . This study has also found that cooling in the lower troposphere, generally prevalent from New Delhi to Chennai in September, leads to enhanced winter monsoon precipitation over southern India. Secondly, temperature at Nagpur in the upper troposphere plays a crucial role in the algorithm and it is noteworthy that Nagpur is under the influence of an intensified subtropical ridge, which affects winter monsoon performance.
Finally, the winter monsoon rainfall is a result of a series of feedback mechanisms, such as the mean upper-air temperature in September over the Indian subcontinent. Although the forecasts are not always accurate (or correct), this paper has demonstrated that long-range prediction of winter monsoon rainfall is feasible using September upper-air temperatures only. Further research could be directed at improving the algorithms developed in this paper, by using parameters such as SOI, El Niño, Indian Ocean Dipole and North Atlantic Oscillation.
